Objective: To examine and quantify the potential dose-response relationship between red and processed meat consumption and risk of all-cause, cardiovascular and cancer mortality. Design: We searched MEDLINE, Embase, ISI Web of Knowledge, CINHAL, Scopus, the Cochrane library and reference lists of retrieved articles up to 30 November 2014 without language restrictions. We retrieved prospective cohort studies that reported risk estimates for all-cause, cardiovascular and cancer mortality by red and/or processed meat intake levels. The dose-response relationships were estimated using data from red and processed meat intake categories in each study. Random-effects models were used to calculate pooled relative risks and 95 % confidence intervals and to incorporate between-study variations. Results: Nine articles with seventeen prospective cohorts were eligible in this metaanalysis, including a total of 150 328 deaths. There was evidence of a non-linear association between processed meat consumption and risk of all-cause and cardiovascular mortality, but not for cancer mortality. For processed meat, the pooled relative risk with an increase of one serving per day was 1·15 (95 % CI 1·11, 1·19) for all-cause mortality (five studies; P < 0·001 for linear trend), 1·15 (95 % CI 1·07, 1·24) for cardiovascular mortality (six studies; P < 0·001) and 1·08 (95 % CI 1·06, 1·11) for cancer mortality (five studies; P < 0·001). Similar associations were found with total meat intake. The association between unprocessed red meat consumption and mortality risk was found in the US populations, but not in European or Asian populations. Conclusions: The present meta-analysis indicates that higher consumption of total red meat and processed meat is associated with an increased risk of total, cardiovascular and cancer mortality.
Meat is an important food group in people's diets in many regions of the world (1, 2) . Meat is a major source of protein and fat, and of also vital vitamins and nutrients such as Fe, Zn, vitamin A and B-vitamins. Overall meat consumption has continued to rise in the USA and other developed countries, although the USA remains the highest consumer of total meat (3) . The demand for meat in developing countries is also on the rise, due to increasing economic development (1, 4) . In recent years, there is growing evidence that red meat consumption is related to premature death, including death from CVD and cancer, but the results are not entirely consistent. Some epidemiological studies have found a positive association between red meat intake, particularly processed meat, and risk of total and cause-specific mortality (5) (6) (7) . However, others have suggested no significant association (8) (9) (10) (11) . The magnitudes of the relationships also varied among studies. Recently, a meta-analysis (12) summarized data from prospective cohort studies and reported that processed meat consumption could increase death from any cause and CVD and that red meat consumption is positively associated with CVD mortality. However, that meta-analysis did not examine cancer mortality outcome and a non-linear association. Also, that meta-analysis included several studies comparing vegetarians with nonvegetarians. In view of the fact that diet and lifestyles of vegetarians may differ from those of non-vegetarians, it is likely that the benefits are not to be ascribed to the absence of meat intake only. In another meta-analysis by O'Sullivan et al. (13) , some studies included white meat in the category of total meat. Besides, another study by Larsson and Orsini (14) did not analyse the cause-specific mortality. Therefore, to provide the most updated and accurate evidence on the relationship between red meat intake and total and cause-specific mortality risk, we performed a meta-analysis of prospective cohort studies and quantified the dose-response relationship.
Methods

Search strategy
We followed the Meta-analysis of Observational Studies in Epidemiology (MOOSE) (15) for conducting and reporting the present study. We carried out a meta-analysis of prospective cohort studies that evaluated the association between red meat consumption and risk of all-cause, cardiovascular and cancer mortality. We systematically searched databases, including MEDLINE (since 1950), Embase (since 1980), ISI Web of Knowledge (since 1970), CINAHL (since 1981), Scopus (since 1996) and the Cochrane Library (since 1960), between May 2014 and 30 November 2014 (last date searched). We used a search strategy that included truncated free text and exploded Medical Subject Headings terms. Medical Subject Headings included 'meat', 'meat products', 'cardiovascular diseases', 'coronary disease', 'myocardial ischemia', 'stroke', 'neoplasms', 'mortality', 'cause of death', 'humans', 'epidemiology', 'prospective studies', 'follow-up studies' and their variants. No restrictions were imposed on language of publications. We found additional articles by manually searching the reference lists from the extracted articles and recent reviews, and also consultation of expert opinions.
Study selection
We first conducted an initial screening of all titles or abstracts and then assessed all potentially relevant studies based on full-text reviews. To be included, studies had to be prospective cohort studies that included measures of red and/or processed meat intake and the assessment of total, cardiovascular and cancer mortality. We excluded studies with an ecological, case-control or cross-sectional design, or without adjustment for potential confounders, or studies that did not report relative risks (RR) or hazard ratios (HR) and the corresponding 95 % CI.
Validity assessment
Two authors (Y.Y.O. and J.L.) independently assessed the studies for quality by using a modified scoring system. The scoring system was based on MOOSE, Quality Assessment Tool for Systematic Reviews of Observational Studies (QUATSO) and Strengthening the Reporting of Observational Studies in Epidemiology (STROBE). The system allowed a total score of 0-6 points (6 representing the highest quality) (16) . The system allocated 1 point each when: (i) any justification was given for the cohort; (ii) inclusion and exclusion criteria used were appropriate; (iii) diagnosis of total, cardiovascular and cancer mortality was based on accepted clinical criteria; (iv) participants' usual red and/or processed meat consumptions was evaluated with a validated tool; (v) adjustments were made for age, sex, BMI and smoking status; and (vi) additional factors were adjusted for (such as physical activity or other dietary factors).
Data extraction
The primary exposure variable was unprocessed red meat and processed meat consumption. Unprocessed red meat was defined as any unprocessed red meat from beef, lamb or pork, and excluded poultry and fish. Processed meat refers to any meat preserved by salting, curing or smoking, or with the addition of chemical preservatives, including bacon, sausages, salami, hot dogs or processed deli meats. Processed meat was mainly processed red meat but may contain some processed white meat, for example in sausages, which could not be separately excluded. Total red meat included the sum of these two categories. Outcomes of interest in this study were all-cause, cardiovascular and cancer mortality. All outcomes were classified based on the WHO International Classification of Disease criteria.
Data extraction was conducted by using a standardized data collection form. The following characteristics of the identified papers were recorded: first author, publication year, cohort name, country, sample size of the cohort and number of outcomes, follow-up (years), age at entry, sex, assessment method of red and processed meat intake, ascertainment of outcomes and variables that entered into the multivariable model as potential confounders. RR and HR were used as a measure of the association. Two authors (J.L. and Y.Y.O.) independently selected studies and performed the data extraction. To resolve discrepancies regarding inclusion of studies and interpretation of data, a third investigator (G.Z.) was consulted. Any disagreements were checked and settled by consensus with all three authors. We also contacted the authors by email to obtain additional data for the meta-analysis.
Statistical method
We used the statistical software package STATA version 11·2 to analyse the data. The results of the original studies from multivariable models with the most complete adjustment for potential confounders were used. HR and RR were assumed to approximate the same measure of RR. We utilized the inverse-variance weighted method to calculate summary RR and 95 % CI of mortality for a one-servingper-day increase of red and processed meat consumption. We used a random-effects model to account for inter-study variation and to provide a more conservative effect than a fixed-effects model. Between-study heterogeneity was assessed using the Cochran's Q test (significance level at P < 0·10) (17) . I 2 tests were also evaluated to quantify the proportion of inconsistency across studies (18) . We estimated the dose-response relationship using generalized least-squares trend estimation analysis, according to the methods developed by Greenland and Longnecker (19) (20) (21) . The distributions of cases and person-years, amount of red and processed meat intake, and RR and 95 % CI were extracted for the dose-response meta-analysis.
For each study, the median or mean level of meat intake in each category was assigned to each corresponding RR of that category. If the highest category of the studies was openended, the difference from the lowest range to the median was considered to be equivalent to the same difference in the closest adjacent category. The serving size varied across studies; we converted it into the standard serving for the doseresponse analysis, which was defined as 100 g (3·5 oz) for total and unprocessed red meat and 50 g (1·8 oz) for processed meat. If the number of person-years was not available, we used the RR comparing the highest v. lowest categories of unprocessed red meat intake to obtain a summary estimate.
In addition, we assessed a potential curvilinear relationship by using restricted cubic splines with five knots at percentiles 5 %, 25 %, 50 %, 75 % and 95 % of the distribution (22) . A test for a non-linear relationship was calculated by setting the coefficient of the second spline equal to zero.
To explore the sources of heterogeneity among studies, we carried out subgroup analyses. We evaluated potential publication bias for each outcome with the Egger linear regression test (by performing the regression of log RR v. its SE) (23) and the Begg rank correlation test at the P < 0·10 level of significance (24) . Except where otherwise specified, a P value <0·05 was considered statistically significant.
Results
Literature search
Overall, the search initially identified 5536 reports (see online supplementary material, Fig. S1 ). After exclusion of duplicates and papers that did not meet the inclusion criteria, we obtained twenty full articles of potentially relevant studies. After full-text reviews, eleven out of the twenty articles were excluded for the following reasons: seven studies (25) (26) (27) (28) (29) (30) (31) were excluded due to insufficient data for estimation of relative risks or unclear definition of meat; three reports compared vegetarians v. non-vegetarians (7, 32, 33) ; and one further study (34) was excluded because the cohort was included in another study (35) . Finally, nine articles (5, 6, 9, 10, (35) (36) (37) (38) (39) with seventeen independent cohorts fulfilled our inclusion criteria. Among these nine studies, Pan et al.'s report (6) and Lee et al.'s report (35) included data from two and eight independent cohorts, respectively. Table 1 illustrates the characteristics of the included studies, all of which had a prospective cohort design. All included studies consisted of both men and women. The age of participants ranged from 17 to 87 years. The follow-up duration ranged from 5 to 28 years. Three studies (5, 6, 10) were conducted in the USA, one in Australia (38) , two (9, 35) in Asia and three (36, 37, 39) in Europe. Red and processed meat intake was measured by FFQ in all studies. One study (5) did not report the results for unprocessed red meats. Fish and seafood consumption was included in total meat consumption in one study (35) , thus this study was not included in the total meat analysis. Total numbers of participants (from 161 to 448 568) and events (from fifty-three to 47 967) varied widely across the cohorts. Dietary variables and/or energy intake were controlled for in six studies, but not in three studies (37) (38) (39) . No study scored the highest level of quality (maximum 6), with three of the nine studies scoring 5, five scoring 4 and one scoring 3. Table 2 shows the results of the pooled analysis for all included studies. We describe the results according to processed, unprocessed and total red meat below. Two articles (38, 39) were not included in the dose-response analysis owing to lack of sufficient data.
Study characteristics
Processed meat intake and mortality risk All-cause and cancer mortality was evaluated in five studies (5, 6, 10, 36, 37) with a total of 1 144 264 subjects and 125 794 total deaths and 45 738 cancer deaths; cardiovascular mortality was evaluated in six studies (5, 6, 9, 10, 36, 37) involving a total of 1 195 947 subjects and 35 426 events.
Each serving per day of processed meat consumption was associated with a 15 % (RR = 1·15, 95 % CI 1·11, 1·19; Fig. 1(a) ) higher risk of all-cause mortality, a 15 % (RR = 1·15, 95 % CI 1·07, 1·24; Fig. 1(b) ) higher risk of cardiovascular mortality and an 8 % (RR = 1·08, 95 % CI 1·06, 1·11; Fig. 1 (c)) higher risk of cancer mortality. All P values for linear trend were <0·05. Significant heterogeneity was found for total mortality (I 2 = 75·0 %; P < 0·01) and cardiovascular mortality (I 2 = 75·4 %; P < 0·01), but not cancer mortality (I 2 = 0·0 %; P = 0·45). No significant publication bias for all these associations was found (Begg test, all P ≥ 0·37; Egger test, all P ≥ 0·54; Table 2 ). Using a restricted cubic splines model, there was evidence of a non-linear association between processed meat consumption and risk of all-cause mortality (P for nonlinearity <0·01; online supplementary material, Fig. S2 ) and cardiovascular mortality (P for non-linearity <0·01; Fig. S3 ), but not for cancer mortality (P for non-linearity = 0·24; Fig. S4 ). However, for all-cause and cardiovascular mortality, the overall trend was still linear and the risk of all-cause and cardiovascular mortality was increased with increasing processed meat consumption. Compared with those with no/little consumption of processed meat, the estimate of all-cause mortality was RR = 1·11 (95 % CI 1·07, 1·16) for 1 serving/d, RR = 1·19 (95 % CI 1·13, 1·24) for 2 servings/d, RR = 1·27 (95 % CI 1·19, 1·34) for 3 servings/d and RR = 1·35 (95 % CI 1·23, 1·46) for 4 servings/d (Fig. S2) .
Unprocessed meat intake and mortality risk All-cause and cancer mortality was assessed in five studies (6, 10, (35) (36) (37) and cardiovascular mortality was evaluated in six studies (6, 9, 10, 35, 36) . We cannot obtain person-years data from a study involving eight Asian cohorts (35) , thus we evaluated the summary RR comparing the highest with the lowest unprocessed red meat consumption for mortality risk in the total population. We also did a dose-response analysis in the US populations where data on person-years are available.
For the total population, the highest category of unprocessed red meat consumption was not associated with an increase in the risk of all-cause mortality (RR = 1·05, 95 % CI 0·93, 1·19; P = 0·43; Fig. 2(a) ), cardiovascular mortality (RR = 1·06, 95 % CI 0·88, 1·28; P = 0·52; Fig. 2(b) ) and cancer mortality (RR = 1·03, 95 % CI 0·89, 1·18; P = 0·46; Fig. 2(c) ), compared with the lowest category. There was significant heterogeneity for all these outcomes (P ≤ 0·01, I
2 ≥ 78·8 %). The Begg rank correlation test and Egger linear regression test indicated no significant publication bias for all these associations (Begg, all P ≥ 0·72; Egger, all P ≥ 0·63; Table 2 ).
For the US populations (5, 6, 10) , a dose-response analysis showed that each serving per day of unprocessed red meat consumption was significantly and positively associated with risk of all-cause mortality (RR = 1·15, 95 % CI 1·12, 1·19; P = 0·001), cardiovascular mortality (RR = 1·19, 95 % CI 1·13, 1·26; P = 0·001) and cancer mortality (RR = 1·12, 95 % CI 1·07, 1·17; P = 0·001). There was no heterogeneity for all these outcomes (P ≥ 0·36, I
2 values ≤7·1 %; online supplementary material, Fig. S5 ).
Total meat intake and mortality risk One study (35) was not included in the analysis of total red meat consumption because fish and seafood were combined in total meat category. Therefore, all-cause and cancer mortality were evaluated in two studies (5, 6) and CVD mortality was examined in three studies (5, 6, 9) . An increase of each serving per day of total red meat consumption was associated with a statistically significant increased risk of all-cause mortality (RR = 1·17, 95 % CI 1·14, 1·20; Fig. 3(a) ), cardiovascular mortality (RR = 1·19, 95 % CI 1·14, 1·25; Fig. 3(b) ) and cancer mortality (RR = 1·12, 95 % CI 1·10, 1·14; Fig. 3(c) ).
Subgroup and sensitivity analyses
Studies included in the meta-analysis varied in some characteristics. To test the robustness of the results and explore potential sources of heterogeneity in the associations, we conducted a series of sensitivity analyses and subgroup analyses (Table 3) .
With stratification by ethnicity, a statistically significant positive association between unprocessed red meat consumption and mortality risk was found in the US populations, but not in European or Asian populations. Stratified analyses also showed a positive association between unprocessed red meat intake and mortality risk in the subgroup of long-term follow-up studies (≥15 years), but not in the short-term studies (<15 years). (37) Overall (I 2 = 84 . 5 %, P = 0 . 000) 
, M Fig. 2 Relative risk for (a) all-cause mortality, (b) cardiovascular mortality and (c) cancer mortality for highest v. lowest intake of unprocessed red meat. The study-specific relative risk (RR) and 95 % CI are represented by the black square and horizontal line, respectively; the area of the black square is proportional to the specific-study weight to the overall meta-analysis. The centre of the open diamond presents the pooled RR and its width represents the pooled 95 % CI. Weights are from random-effects analysis (F, female; M, male)
For processed meat consumption, positive associations were consistently observed in both the US and European populations, and the associations did not differ substantially by duration of follow-up and other study-level characteristics.
Discussion
The present meta-analysis of prospective cohort studies suggested that total red and processed meat consumption was associated with a significant increase in risk of all-cause, (6) , F RR (95 % Cl) Weight (%) RR (95 % CI) Fig. 3 Risk of (a) all-cause mortality, (b) cardiovascular mortality and (c) cancer mortality associated with each serving per day of total meat. The study-specific relative risk (RR) and 95 % CI are represented by the black square and horizontal line, respectively; the area of the black square is proportional to the specific-study weight to the overall meta-analysis. The centre of the open diamond presents the pooled RR and its width represents the pooled 95 % CI. Weights are from random-effects analysis (F, female; M, male) cardiovascular and cancer mortality. The associations between unprocessed red meat consumption and mortality risk were significant in the US populations, but not in European or Asian populations.
The association between processed meat consumption and risk of cancer mortality has not been entirely consistent. In our study, the pooled results showed that higher consumption of processed meat was associated with risk (40) . The associations between unprocessed red meat consumption and mortality risk were inconsistent among different populations, which are unexpected and seem confusing. One possible explanation for the null findings in Asian populations is the difference in the amount of red meat consumed. Intake of unprocessed red meat in the US populations is relatively higher than that reported in study populations in Asian countries. Per capita intake of meat (excluding fish) in the USA was more than thirty-three times that in Bangladesh and more than two times that in China, Japan and South Korea in the 1990s and 2000s (35) . Median unprocessed red meat intake was 63 g/d among men and 49 g/d among women in the National Institutes of Health-American Association of Retired Persons cohort (5) . Median intake of total meat was 33·7 g/d among men and 27·0 g/d among women in Japan (9) . In 2007, mean meat consumption in China, Japan and South Korea ranged from 46·1 to 55·9 kg/year, whereas mean consumption in the USA was 122·8 kg/year (35) . A low consumption of red meat might not increase mortality risk. One cohort study (8) in Japan also indicated no association between meat intake and stroke mortality risk. Moreover, fish and seafood consumption in Japan and Korea has remained higher than that in the USA (35) . Higher fish intake can inhibit eicosanoid biosynthesis and contribute to a reduction in prostaglandin conversion from arachidonic acid (41, 42) . A reduced risk of mortality in Asia could be explained as a result of higher fish intakes and thus delayed progression of disease.
The associations between unprocessed red meat consumption and mortality risk were not statistically significant in European populations. However, the number of studies conducted in European populations was relatively small. Additionally, it is likely that compared with European habits, red meat in the USA may be often barbecued or grilled, thus contributing to higher contents of polycyclic hydrocarbons and heterocyclic amines.
Stratified analysis also suggests that there was a positive association between unprocessed red meat intake and mortality risk in the subgroup of long-term follow-up studies, but not in the short-term studies. It is possible that the follow-up period was too short to identify a meaningful association for mortality. In addition, all the Asian cohorts had relatively short follow-up time and the studies in Western populations tended to have longer follow-up years. Thus, the differences between long and short follow-up duration should be interpreted cautiously and could be due to the differences in populations.
For processed meat intake and all-cause and cardiovascular mortality, we observed significant heterogeneity between studies. In one cohort study (36) , there was a significant association between processed meat consumption and increased mortality in smokers, current and former, but there was no significant association in the never smokers (36) . However, sensitivity analyses showed that the removal of this study had little effect on the results and between-study heterogeneity. For the associations between total red meat consumption and mortality risk, due to the limited studies reporting the associations, we did not assess a potential curvilinear relationship and sensitivity analyses were not performed to explore the potential heterogeneity.
There are several possible mechanisms underlying the adverse effects of red meat consumption on mortality risk. Red meat has been found to be significantly related to increased cancer risk (43, 44) . During high-temperature cooking of meat, the formation of several compounds, such as heterocyclic amines and polycyclic aromatic hydrocarbons, may pose cancer risk to humans (44, 45) . High red meat intake was associated with an increased risk of CHD (46) . In the USA, an average of 400 % higher Na and 50 % higher nitrate levels are included in processed meats (47) . Dietary Na may increase CVD risk due to its effect on blood pressure (48, 49) . Blood nitrite concentrations were used as a biomarker of endothelial dysfunction (50) . Processed meats may also contain N-nitroso compounds. N-nitroso compounds can further be converted from nitrites (51) , heterocyclic amines and polycyclic aromatic hydrocarbons (52, 53) , which are potential carcinogens (54) . A recent study (55) also suggested that L-carnitine enriched in red meat may increase risk of atherosclerosis.
We conducted the dose-response meta-analysis to evaluate the linear and non-linear relationships, which helps to quantify the associations and test the shape of these possible associations. We have used the estimates from the fully adjusted models from each included study in our analyses to reduce the potential for confounding, and performed sensitivity analyses to examine the potential sources of heterogeneity and examine the robustness in the subgroups. Some limitations of the meta-analysis should be addressed. First, all included studies were observational in nature. The results may be subject to residual confounding or unmeasured factors. It is possible that the associations of red and processed meat intake with mortality could relate to generally less healthy lifestyle or diet rather than causal effects of unprocessed and processed meat intake. Second, levels of red and processed meat intake were assessed by FFQ in most studies. Measurement error of meat intake is inevitable. The imprecise measurement of red and processed meat consumption is likely to attenuate the true association. Third, data transformation in meta-analysis may add another layer of error. For example, the serving size of red and processed meat was not specified in four studies (8, 10, 31, 37) , and we had to assume all servings to 100 g for total and unprocessed red meat and 50 g for processed meat. Thus, risks could change accordingly when serving sizes are lower or higher. Finally, the limited data in certain subgroups may contribute to the reduced statistical power for detecting heterogeneity and the results should be cautiously interpreted.
In summary, the present meta-analysis suggests that higher consumption of total red meat and processed meat is associated with an increased risk of total mortality and deaths from CVD and cancer. Significant association between unprocessed red meat and mortality risk was found in US studies but not others. More studies are still needed to confirm the results and explore the underlying mechanisms.
